Glutamate plays a central role in hepatic amino acid metabolism, both because of its role in the transdeamination of most amino acids and because the catabolism of arginine, ornithine, proline, histidine, and glutamine gives rise to glutamate. It is now appreciated that different hepatic functions are restricted to hepatocyte subpopulations within different acinar zones. This is also a feature of glutamate metabolism. Glutamine catabolism and synthesis are physically separated by zonation, with glutamine synthetase restricted to a narrow band of hepatocytes in zone 3 of the hepatic acinus, whereas glutaminase occurs in zone 1. Arginine and ornithine metabolism is also restricted to particular hepatocyte subpopulations. Ornithine aminotransferase, the regulated enzyme of arginine and ornithine catabolism, is restricted to the same zone 3 cells as glutamine synthetase, whereas the urea cycle is found in the remaining hepatocytes. This separation facilitates the independent regulation of these 2 different metabolic processes. We know the acinar localization of only a small fraction of the '15,000 genes expressed in the liver. Knowledge of the acinar localization of metabolic processes is essential for an appreciation of their relation to other hepatic functions and their regulation.
Glutamic acid was purified by Ritthausen (1) in 1866 from gliaden, a protein fragment of wheat gluten, for which it was named. It comprises an average 7.0% of typical meat proteins (2) , but some proteins, such as ornithine aminotransferase, contain much more (3) . As one of the canonical 20 amino acids coded for by DNA, its principal importance lies in its role in proteins. As an acidic amino acid with a pK of 4.07 for the c-carboxyl group (4), glutamic acid is essentially completely dissociated at physiologic pH; an exception would be in the stomach where the pH of gastric fluid is '1. Glutamate plays both structural and functional roles in proteins. It is often found in the hydrophilic outer shell of globular proteins. A well-described glutamate residue lies at position 6 of the B chain of hemoglobin. Replacement of this glutamate by a valine in patients with sickle cell disease results in a sticky patch on the outside of the protein, causing it to fit into a hydrophobic pocket in deoxyhemoglobin, which results in self-aggregation with pathologic consequences (5) . Glutamate residues frequently interact by salt bridges with cationic amino acids (eg, lysine and arginine) in proteins, especially in coiled coils in which residues in the "e" and "g" positions of each a-helix are often charged and aid in stabilizing the quaternary structure (6) . Glutamate can also play important roles in enzymic catalysis. For example, glutamate 35 in lysozyme acts as an acid catalyst to cleave the glycosidic bond of the polysaccharide substrate (7) . c-Carboxylation of glutamate residues in proteins by carboxylases that use vitamin K as a cofactor produces a modified amino acid with 2 negative charges (c-carboxyglutamate or Gla). Such proteins have a very high affinity for calcium and thus are essential for regulating the blood clotting cascade (8) .
COMPLEXITY OF GLUTAMATE METABOLISM
Reeds (9) has argued that the truly important metabolic amino acids include those that are synthesized in vivo. By this criterion, glutamate, although dietarily dispensable, is a critically important amino acid. This is confirmed by the large number of glutamatemetabolizing enzymes. A partial list of hepatic enzymes of glutamate metabolism is provided in Table 1 . In addition to its role in hepatic nitrogen metabolism, glutamate is required for the synthesis of glutathione and is produced during glutathione turnover. It is required for the polyglutamylation of folate coenzymes and is produced during their catabolism, and is required for the synthesis of GABA and produced during the metabolic removal of this molecule by the c-aminobutyrate aminotransferase. In addition to this large number of enzymes of glutamate metabolism, this amino acid interacts with a number of receptors, particularly in the central nervous system. Why has glutamate been selected for so many biological functions? Certainly, the fact that it is highly stable probably played a part. Another key advantage is its close relation to the Krebs cycle by virtue of its easy conversion to a-ketoglutarate. The anionic nature of glutamate has been exploited in the many polyglutamylated folate coenzymes. These compounds, which frequently contain '2-11 glutamate residues, are highly anionic, a property which greatly restricts their movement across cell membranes and is therefore crucial to the maintenance of specific subcellular pools of these critical cofactors (10) .
Glutamate is at the very center of hepatic amino acid metabolism. The liver plays a key role in the disposal of the '80-100 g of protein ingested each day by most adults and in the conversion of substantial quantities of amino acids, derived principally from muscle proteolysis, to glucose in starved individuals (2, 11) . The liver also appears to play an important role in maintaining normal concentrations of many amino acids (12) . The liver can catabolize most amino acids and can synthesize some of them. In the case of glutamine, it can both simultaneously catabolize it and synthesize it ( Table 1 ). In the case of the branched-chain amino acids, it plays little role in the initial metabolism of these amino acids, because of very low activities of the branched-chain amino acid aminotransferase, but is active in the catabolism of the branched-chain keto acids (13) .
It is often useful, when discussing amino acid metabolism, to deal separately with nitrogen metabolism and with the metabolism of the carbon skeleton. The pattern of nitrogen metabolism is generally common for many amino acids, whereas that of each carbon skeleton tends to be distinctive. In the case of nitrogen metabolism, the most important events are the removal of the amino groups from the amino acids and their detoxification to urea. The role of glutamate in amino acid deamination is well known. The metabolism of almost all of the amino acids is initiated by aminotransferases in which glutamate and a-ketoglutarate are reaction partners. The transfer of the amino group produces glutamate that may then be acted on either by glutamate dehydrogenase or aspartate aminotransferase. Glutamate dehydrogenase produces ammonia that provides one of urea's 2 nitrogens, by carbamoyl phosphate synthetase 1. Aspartate aminotransferase transfers glutamate's amino group to oxaloacetate to produce aspartate, which may then introduce the second nitrogen to the urea cycle, by argininosuccinate synthetase. A crucial aspect of these processes is that the relevant enzymes, aminotransferases and glutamate dehydrogenase (GDH), are reversible, which enables the liver to tailor the relative production of ammonia and aspartate to the needs of the urea cycle. Glutamate plays a specific role in the regulation of the urea cycle because N-acetylglutamate (NAG), an obligatory activator of carbamyl phosphate synthetase 1 (CPS1), a ratecontrolling enzyme in urea synthesis, is produced from acetyl coenzyme A and glutamate by NAG synthetase within hepatic mitochondria (14) . The critical role played by NAG is well illustrated by the hyperammonemia and related pathology displayed by children with genetic defects in NAG synthetase, even though all of the urea cycle enzymes are present in normal amounts (15) . A synthetic glutamate derivative, N-carbamylglutamate, also activates carbamyl phosphate synthetase 1 and has been used, with considerable success, to treat children with a deficiency of NAG synthetase (16) .
With regard to metabolism of carbon skeletons of amino acids, 5 amino acids (glutamine, histidine, arginine, ornithine and proline) are converted to glutamate in the course of their catabolism ( Figure 1) . Together with glutamate itself, these comprise the "glutamate family" of amino acids. Because glutamate is then converted to a-ketoglutarate, each of these amino acids is anaplerotic: ie, they tend to increase the sum total of Krebs cycle intermediates. Their further metabolism, therefore, requires a cataplerotic reaction, ie, an enzyme that removes intermediates from the cycle. This is generally accomplished by phosphoenolpyruvate carboxykinase that converts oxaloacetate to phosphoenolpyruvate. Phosphoenolpyruvate may have either of 2 fates. One possible fate of phosphoenolpyruvate is to be converted to pyruvate, by pyruvate kinase, which may then be completely oxidized. The other fate is for phosphoenolpyruvate to enter the gluconeogenic pathway. During starvation it is evident that the main product of amino acid carbon metabolism is gluconeogenesis. However, we have previously presented evidence that this is also the fate of much amino acid carbon under prandial conditions (2).
HEPATIC ZONATION AND GLUTAMATE METABOLISM
The concept of hepatic zonation owes much to the insights of Rappaport et al (17) into hepatic microcirculation and into the different pathologic outcomes of injury to different parts of the hepatic lobule. These considerations led him to define the hepatic acinus as the fundamental unit of hepatic function. A hepatic acinus is depicted in Figure 2 . Although the great bulk of liver cells are hepatocytes, not all hepatocytes are functionally identical. Rather, there can be marked differences between hepatocyte subpopulations both in terms of the genes they express and of the composition of the blood to which they are exposed. Cells that are closer to the vascular inflows are exposed to higher concentrations of oxygen, metabolic fuels, and pancreatic hormones. By the application of such techniques as immunohistochemistry and in situ hybridization, the acinar localization of '50-100 proteins or mRNAs have been established to cellular resolution. Less precise, but still useful, information is provided by experiments in which digitonin is introduced into the liver, either by the portal vein or the hepatic vein, so as to cause the more-or-less specific ablation of either end of the acinus so that hepatocyte preparations can be isolated which are enriched in only one set of cells (18) . In addition to the localization of specific enzymes, the liver may be perfused in either the antegrade or retrograde direction; this approach can be used in certain circumstances to provide information on the spatial localization of entire metabolic pathways (19) . It should be emphasized that the liver expresses '15,000 genes (20) and that we know the localization, within the acinus, of only a small fraction of them. Rappaport et al (17) divided the acinus into 3 zones with zone 1 closest to the vascular inflow and zone 3 closest to the vascular outflow. The terminology can be somewhat confusing because, in addition to zones 1, 2, and 3, hepatocytes are often referred to as periportal (closest to the inflow of portal blood) and either perivenous or pericentral (closest to the central venous outflow). For consistency, we will use the zonal terminology. The differences in gene expression can be quite dramatic, and this is perhaps best exemplified with amino acids, including glutamate metabolism. Perhaps the most dramatic example of hepatic zonation is the differential localization of the 2 systems for ammonia removal. The urea cycle is found in zones 1 and 2 and in the first portion of zone 3 (21), whereas glutamine synthetase is restricted to a subpopulation of hepatocytes (comprising '6% of the total hepatocyte population) at the very distal end of zone 3, surrounding the central lobular vein (22) . The very restricted location of glutamine synthetase in mouse liver is shown in Figure 3 . This "in series" localization of the 2 principal systems for ammonia removal provides a fail-safe system for detoxification. Direct evidence that these systems function in series is provided by elegant experiments by Haussinger and Gerok (23) in which livers were perfused either in the antegrade or retrograde direction with limiting quantities of ammonia. When perfused in the antegrade direction, urea was the dominant nitrogenous product released together with lesser quantities of glutamine. When perfused in the retrograde direction, much larger quantities of glutamine were released together with correspondingly reduced amounts of urea. It might be expected that other enzymes related to urea synthesis would display the same acinar distribution as those of the urea cycle. Nevertheless, the acinar location of NAG synthetase has not yet been determined. Hepatic glutaminase, which hydrolyses glutamine to glutamate and ammonia, is thought of as playing a role in the provision of glutamate within mitochondria for NAG synthesis (24) . It, too, is essentially restricted to zone 1 (25) .
In addition to glutamine synthetase, ornithine aminotransferase (26) and Rh B glycoprotein (an ammonium transporter) (27) are restricted to the very distal portion of zone 3. Stoll et al (28) performed radioautographic experiments of glutamate uptake by the perfused liver and found high activity in the same distal region of zone 3. The combination of glutamate and ammonium uptake mechanisms in these cells is consistent with their activity of glutamine synthetase. However, it is also apparent that these cells can produce glutamine in the absence of an exogenous supply of glutamate. The study of glutamine synthetase in perfused livers by Haussinger and Gerok (23) provided pyruvate but not glutamate. This suggests that a-ketoglutarate could be produced from pyruvate, presumably by the anaplerotic enzyme phosphoenolpyruvate carboxykinase, which could then be aminated to glutamate. The metabolism of ornithine in these cells provides another potential source of glutamate for glutamine synthetase. We have studied the metabolism of ornithine in rat livers perfused in the single-pass mode both in the antegrade and retrograde directions (19) . An important observation was that ornithine U-14 C produced 14 CO 2 at '5 times that of ornithine 1-14 C; this was inhibited by gabaculine, an inhibitor of ornithine aminotransferase. These results mean that the entire ornithine molecule may be oxidized in the ornithine aminotransferase-containing hepatocytes and imply that these cells must contain pyrroline-5-carboxylate dehydrogenase and pyruvate kinase, as well as phosphoenolpyruvate carboxykinase. It has been assumed that glutamate derived from ornithine catabolism would be readily available as a substrate for glutamine synthesis, but this does not appear to have been shown. Certainly, because ornithine-derived glutamate arises in the mitochondria, whereas glutamine synthesis is cytoplasmic, the conversion of such glutamate to glutamine would require a mitochondrial glutamate transporter that could export this amino acid, presumably the glutamate 2 /OH 2 exchanger. Glutamate dehydrogenase is at the center of hepatic glutamate metabolism, indeed at the center of hepatic amino acid metabolism. It is present at high activity in liver and is generally considered to be close to thermodynamic equilibrium (29) . GDH is not uniformly distributed across the acinus, with activity increasing from periportal to perivenous cells (30) and mRNA chiefly in the perivenous region (26) . It may be that the net direction of GDH may be in the deamination direction in zone 1 where much of amino acid deamination occurs and in the amination direction in glutamine synthetase-containing hepatocytes where it could produce glutamate for this process.
Little is known about the zonation of amino acid transporters, whether at the mitochondrial or plasma membranes. We can expect that the 2 mitochondrial ornithine transporters should be differentially expressed, because cells carrying out urea synthesis would require the ornithine-citrulline antiporter, whereas cells capable of oxidizing ornithine should require the ornithine + /H + exchanger. However, this has not yet been examined experimentally.
Hepatic zonation of amino acid metabolism presents a number of physiologic advantages. The localization, in series, of the 2 mechanisms for ammonia removal, urea cycle and glutamine synthesis, provides a fail-safe system in which a high capacity, low-affinity system precedes a low-capacity, high-affinity system (31). Together, they comprise an effective ammonia removal system. The differential zonation of the 2 pathways of ornithine metabolism, ornithine catabolism and the urea cycle, effectively separates these pathways and facilitates their individual regulation (19) . Glutaminase and glutamine synthetase are also physically separated, which permits their individual regulation. The catabolism of the glutamate family of amino acids is not restricted to one unique acinar location. Although the cellular location of histidine and proline catabolism is not yet known, we do appreciate that glutamine catabolism and arginine-ornithine catabolism occur in different hepatocyte populations. This emphasizes their distinctive metabolic pathways, as opposed to the textbook convenience of grouping them together in the "glutamate family".
Little is known about the acinar location of the aminotransferases. Indeed, there is much to be learned about the zonal location of much of hepatic metabolism and function. The liver expresses '15,000 genes, of which we know the acinar localization of ,100. Many, perhaps most, of these 15,000 genes will prove to be common to cells in all parts of the acinus. However, others will not, and it is important to discover these. Efficient solutions to this problem must harness the global reach of genomics. We are currently using laser capture microdissection followed by expression profiling to determine the acinar localization, to cellular resolution, of hepatic mRNA molecules. We have no doubt that this approach will show new vistas in amino acid, particularly glutamate, metabolism. (Other articles in this supplement to the Journal include references 32-60.)
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